Hyperactivity within the ventral hippocampus (vHPC) has been linked to both psychosis in humans and behavioral deficits in animal models of schizophrenia. A local decrease in GABA-mediated inhibition, particularly involving parvalbumin (PV)-expressing GABA neurons, has been proposed as a key mechanism underlying this hyperactive state. However, direct evidence is lacking for a causal role of vHPC GABA neurons in behaviors associated with schizophrenia. Here, we probed the behavioral function of two different but overlapping populations of vHPC GABA neurons that express either PV or GAD65 by selectively inhibiting these neurons with the pharmacogenetic neuromodulator hM4D. We show that acute inhibition of vHPC GABA neurons in adult mice results in behavioral changes relevant to schizophrenia. Inhibiting either PV or GAD65 neurons produced distinct behavioral deficits. Inhibition of PV neurons, affecting ϳ80% of the PV neuron population, robustly impaired prepulse inhibition of the acoustic startle reflex (PPI), startle reactivity, and spontaneous alternation, but did not affect locomotor activity. In contrast, inhibiting a heterogeneous population of GAD65 neurons, affecting ϳ40% of PV neurons and 65% of cholecystokinin neurons, increased spontaneous and amphetamine-induced locomotor activity and reduced spontaneous alternation, but did not alter PPI. Inhibition of PV or GAD65 neurons also produced distinct changes in network oscillatory activity in the vHPC in vivo. Together, these findings establish a causal role for vHPC GABA neurons in controlling behaviors relevant to schizophrenia and suggest a functional dissociation between the GABAergic mechanisms involved in hippocampal modulation of sensorimotor processes.
Introduction
GABA dysfunction is a well characterized neuropathology of schizophrenia (Benes and Berretta, 2001; Lisman et al., 2008; Lewis et al., 2012) . Alterations in markers of inhibitory GABA interneurons, such as reductions in the GABA-synthesizing enzymes GAD65 and GAD67, have been widely reported in the prefrontal cortex and hippocampus (Akbarian et al., 1995; Todtenkopf and Benes, 1998; Guidotti et al., 2000; Heckers et al., 2002; Benes et al., 2007) . These alterations appear to most notably affect the GABA interneuron subtype containing parvalbumin (PV; Benes et al., 1991; Zhang and Reynolds, 2002; Hashimoto et al., 2003; Gonzalez-Burgos and Lewis, 2008; Fung et al., 2010; Konradi et al., 2011) . Robust histochemical changes have been found in PV-positive interneurons in schizophrenia, including decreased PV and GAD67 mRNA and reduced PV immunoreactivity (Beasley and Reynolds, 1997; Zhang and Reynolds, 2002; Hashimoto et al., 2003) . Similar to schizophrenia patients, a variety of animal models including neurodevelopmental, pharmacological, and genetic models exhibit reductions in PV expression (Penschuck et al., 2006; Behrens et al., 2007; Harte et al., 2007; Meyer et al., 2008; Shen et al., 2008) . Collectively, these molecular alterations suggest impaired functioning in PV-positive interneurons (Nakazawa et al., 2012) . The resulting GABA dysfunction in particular brain regions may contribute to specific features of schizophrenia Lewis et al., 2012) . Neuroimaging studies have correlated increased activity in the human anterior (ventral in rodents) hippocampus with the emergence and severity of psychosis (Schobel et al., 2009; Schobel et al., 2013) . In rodents, manipulations that increase ventral hippocampus (vHPC) activity, including nonselective disruptions in GABAergic transmission, have consistently resulted in hyperlocomotor activity and sensorimotor gating deficits, among other behaviors related to schizophrenia (Bast et al. (MAM) rodent model exhibits these behavioral changes, as well as PV neuron loss and increased pyramidal neuron excitability in the vHPC (Lodge and Grace, 2007; Lodge et al., 2009) . Because GABA interneurons exert inhibitory control over pyramidal neurons, deficits in vHPC GABA interneuron function may account for local hyperactivity and the associated behavioral changes. Furthermore, specific subtypes of GABA interneurons may subserve distinct behavioral functions and behavior-dependent network activities (Freund and Katona, 2007) .
Although chronic developmental and broad GABA manipulations have implicated GABA neuron dysfunction in schizophrenia, to our knowledge, no study has selectively and reversibly examined the behavioral functions of GABA interneuron populations specifically in the vHPC. We therefore investigated the effect of acutely inhibiting two genetically defined and relatively distinct populations of GABA interneurons, those positive for PV or GAD65 (Fukuda et al., 1997; Wierenga et al., 2010; Nagode et al., 2014) , on behaviors relevant to schizophrenia. The recent development of DREADDs (Designer Receptors Exclusively Activated by Designer Drugs) provides pharmacogenetic control of neural activity in targeted neuron populations in freely behaving mice (Armbruster et al., 2007) . We selectively inhibited either PV-positive neurons, affecting ϳ80% of the PV population, or GAD65-positive neurons, a heterogeneous population that included ϳ40% of PV neurons and 65% of cholecystokinin (CCK) neurons, in the vHPC using the hM4D DREADD receptor. The effect of this inhibition was determined using multiple behavioral assays and in vivo recording of network oscillatory activity in the vHPC.
Materials and Methods
Animals. GAD65-Cre (Gad2Ͻtm2(cre)ZjhϾ/J; JAX #010802) and PVCre (B6;129P2-Pvalbtm1(cre)Arbr/J; JAX#008069) mice were obtained from The Jackson Laboratory and bred as homozygotes. Mice were group housed in a temperature-controlled room on a 12 h light/dark cycle with ad libitum access to food and water. Experiments were performed on 2-to 3-month-old mice. Male mice were used for behavioral experiments, whereas both male and female mice were used for electrophysiology experiments. All procedures were performed in accordance with the guidelines of the National Institutes of Health (NIH) and the Canadian Council on Animal Care (CCAC) with approval from the University of Toronto Animal Care Committee.
AAV vector construction. The recombinant AAV-hSyn-FLEX-hM4D-mCherry plasmid (Krashes et al., 2011) was obtained from Dr. Bryan Roth at the University of North Carolina at Chapel Hill and packaged in serotype 2/8 by the University of Pennsylvania Vector Core service; titers were 1 ϫ 10 12 particles/ml. Surgery. Mice were anesthetized with isoflurane and mounted onto a stereotaxic frame. The AAV vector containing doubly floxed hM4D-mCherry (AAV2/8-hsyn-FLEX-hM4D-mCherry) was infused into the vHPC (AP: Ϫ3.40 mm, DV: Ϫ4.75, ML: Ϯ2.75 mm, after Paxinos and Franklin, 2007) . A volume of 0.2-0.3 L was infused via an internal cannula connected by Tygon tubing to a 10 L Hamilton needle syringe by pressure ejection at a rate of 0.1 L/min. Following infusion, the internal cannula was left in place for 10 min to prevent solution backflow. After surgery, mice were single-housed.
Drugs. Clozapine-N-oxide [CNO; obtained from the NIH as part of the Rapid Access to Investigative Drug Program funded by the National Institute of Neurological Disorders and Stroke (NINDS)] was dissolved in DMSO and 0.9% saline. D-amphetamine-sulfate (Amph; SigmaAldrich) and SCH-23390 (Sigma-Aldrich) were dissolved in 0.9% saline. Haloperidol (Sigma-Aldrich) was dissolved in 0.025% glacial acetic acid and 0.9% saline and adjusted to pH 5.5 with NaOH. All drugs were administered by intraperitoneal injection at a volume of 10 ml/kg.
Behavioral apparatuses and testing procedures. Behavioral tests were performed 12-14 d after surgery and conducted 2-3 d apart. Spontaneous locomotor activity and social interaction were tested using a withinsubjects design. Mice tested for spontaneous locomotor activity were subsequently tested for social interaction. Amphetamine-induced locomotor activity, prepulse inhibition of the startle reflex (PPI), and spontaneous alternation were tested using a between-subjects design. In these experiments, mice were randomly assigned to receive either vehicle or CNO administration with an equal allocation of littermates to each group. PV-Cre mice tested for amphetamine-induced locomotor activity later underwent PPI and spontaneous alternation testing. All PV-Cre mice expressed hM4D bilaterally. GAD65-Cre mice expressing hM4D unilaterally were tested for both amphetamine-induced locomotor activity and spontaneous alternation. A separate group of GAD65-Cre mice with bilateral hM4D expression were tested for PPI.
Open field. Locomotor activity was examined in a black Plexiglas box measuring 30 cm L ϫ 30 cm W ϫ 40 cm H under red lighting (3 lux). Mice were habituated to the arena for 2 h on 3 consecutive days before testing and for 1 h immediately before testing. Testing of spontaneous locomotor activity took place over 2 consecutive days with mice receiving a single injection each day. PV-Cre mice were injected with both vehicle and CNO in a counterbalanced order. GAD65-Cre mice were injected with vehicle followed by CNO. For amphetamine-induced locomotor activity, mice were coinjected with either vehicle and a low dose of amphetamine (1 mg/kg) or CNO and amphetamine. In the experiment using haloperidol, mice were pretreated with either vehicle or 0.02 mg/kg haloperidol followed 30 min later with vehicle or CNO. Testing took place over 2 d with mice receiving either haloperidol ϩ vehicle and vehicle ϩ CNO or vehicle ϩ vehicle and haloperidol ϩ CNO in counterbalanced order. To test the effect of SCH-23390 on locomotor activity, mice were injected with 0.05 mg/kg SCH-23390 30 min before vehicle and CNO injection. Mice were administered vehicle, CNO, SCH-23390 ϩ vehicle, and SCH-23390 ϩ CNO over 4 d. After injection, mice were placed into the center of the arena and distance traveled was measured for 1 h using ANY-maze (Stoelting).
Social interaction. Social interaction was tested in Crawley's 3-chamber sociability test (Moy et al., 2004) under red lighting (3 lux). The apparatus was made of clear Plexiglas and consisted of three chambers, each measuring 40 cm L ϫ 20 cm W ϫ 40 cm H. The two side chambers contained a cylindrical wire cage (10.5 cm D ϫ 11 cm H, 1 cm bar spacing). Subjects were able to freely move between chambers through an opening (5 cm ϫ 40 cm) in the partitioning walls. After 30 min habituation to the test room, subjects were injected with either vehicle or CNO and then placed into the center chamber and allowed to acclimate to the entire apparatus for 10 min. After acclimation, an age-matched male C57BL/6 mouse, unfamiliar to the subject, was placed into a cage in one of the side chambers. The subject's time spent, number of entries, and distance traveled in each chamber was measured for 10 min using ANYmaze. All mice were tested with both vehicle and CNO on two independent trials separated by 48 h. The order of vehicle and CNO administration and the chamber containing the stranger mouse were counterbalanced.
PPI of the acoustic startle reflex. Mice were placed into a startle apparatus (Med-Associates) consisting of a small metal cage inside a soundattenuated chamber. Whole-body startle movements were detected by a piezoelectric accelerometer mounted beneath the cage, converted to electrical signals, and digitized and stored by a computer. A loudspeaker mounted to the side of the cage produced white noise acoustic stimuli. A continuous 64 dB background noise was present throughout the test. The test began with 5 min acclimation to the apparatus, followed by 12 pulsealone trials. To measure PPI, 12 blocks containing 6 trials were presented: 1 pulse-alone trial, 4 prepulse-pulse trials, and 1 no-stimulus trial. Pulsealone trials consisted of a 40 ms startle pulse at 120 dB; prepulse-pulse trials consisted of a 20 ms prepulse at 66, 68, 72, or 76 dB followed 100 ms after by the pulse; and no-stimulus trials consisted of background noise only. Trials were presented in pseudorandom order, with an intertrial interval of 10 -20 s (mean of 15 s). Startle response was determined as the peak amplitude within 100 ms of the startle pulse onset. The entire test lasted ϳ30 min. Mice were injected with either vehicle or CNO immediately before acclimation. The percentage PPI for each prepulse intensity level was calculated as follows: [(mean startle amplitude of pulse-alone trials Ϫ startle amplitude of prepulse-pulse trial)/mean startle amplitude of pulse-alone trials * 100].
T-maze continuous alternation task. Spontaneous alternation was tested in a T-shaped maze made of black Plexiglas with one start arm and two goal arms (30 cm L, 10 cm W, 20 cm H each) separated by removable guillotine doors. Mice were injected with either vehicle or CNO and, 5 min later, acclimated to the start arm for 10 min. The test followed procedures described previously (Gerlai, 1998) and began with one forced choice trial followed by 10 free choice trials. During the forced choice trial, the door to the start arm and one of the goal arms was removed, whereas the door to the alternate arm remained lowered, allowing mice to explore the available arm. Both left and right arms served as forced arms and were counterbalanced between vehicle and CNO groups. Upon leaving the arm and reaching the base of the start arm, a free choice trial was initiated. The door to the alternate goal arm was removed and mice were given the choice of either arm. After entering the chosen arm, the door to the other arm was lowered. Mice were considered to have made a choice when the whole body, including the tail tip, was located in the arm. Another free choice trial followed. The percentage alternation [(number of alternations/10) * 100] and direction bias [͉(number of right arm entries)/10) Ϫ 0.5͉] were calculated. Latency to arm entry was measured using ANY-maze.
Immunohistochemistry. Mice were transcardially perfused with PBS, pH 7.4, followed by 4% paraformaldehyde. Brains were extracted and postfixed overnight in 4% paraformaldehyde at 4°C and then cryoprotected with PBS containing 30% sucrose. Brains were sectioned coronally at 40 m thickness using a cryostat (CM 1520; Leica). For PV and CCK-8 immunostaining, free-floating brain sections were blocked with 5% normal donkey serum in PBS-T (0.1%) for 1 h. Sections were then incubated with PBS-T containing rabbit polyclonal anti-PV antibody (1:1000; Abcam) or rabbit polyclonal anti-CCK-8 (1:1000; Sigma-Aldrich) for 48 h at 4°C, followed by Alexa Fluor 488 -conjugated donkey anti-rabbit secondary antibody (1:500 in PBS-T; Invitrogen) for 2 h at room temperature. For cell-counting experiments, every fourth section between bregma Ϫ3.00 mm to Ϫ3.64 mm was collected and immunostained for PV or CCK-8. The sections were mounted and imaged on a confocal laser scanning microscope with a 20ϫ objective. mCherry-positive and PVimmunoreactive (PV-ir) or CCK-immunoreactive (CCK-ir) cells were counted in all strata of the ventral CA1 in a 750 ϫ 700 m area. The percentage transduction selectivity [(total number of double labeled cells/total number of mCherry-positive cells) ϫ 100] and the percentage transduction efficacy [(total number of double labeled cells/total number of PV or CCK-ir cells) ϫ 100] were calculated.
Slice electrophysiology. Brains were rapidly removed after decapitation and placed into a cutting solution containing the following (in mM): 205 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 0.4 ascorbic acid, 1 CaCl 2 , 2 MgCl 2 , and 3 sodium pyruvate, pH 7.4, osmolality 300 mOsm/kg. Transverse slices (350 m) containing the vHPC were prepared from 6-to 8-week-old mice previously infected with AAV containing hM4D-mCherry. Slices recovered at 32°C in a 50:50 mixture composed of cutting saline ϩ artificial CSF (aCSF) for 30 min and then placed in aCSF alone for 30 min. During experimentation slices were perfused at a rate of ϳ 2 ml/min in aCSF. The aCSF solution consisted of the following (in mM): 123 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 glucose, 2 CaCl 2 , and 1 MgCl 2 in double-distilled water and saturated with 95% O 2 /5% CO 2 , pH 7.4, osmolarity ϳ300mOsm. Whole-cell patch-clamp recordings were obtained from transduced neurons (identified by mCherry fluorescence in the vHPC) and their untransduced neighbors. Micropipettes were filled with an intracellular fluid containing the following (in mM): 130 potassium gluconate, 10 KCl, 10 HEPES, 0.2 EGTA, 4 ATP, 0.3 GTP, and 10 phosphocreatine, pH 7.4, osmolality 300 mOsm/kg. The resting membrane potential was recorded (in current-clamp mode) in normal aCSF for a minimum of 5 min before the addition of 1 M CNO for 10 min. Neuronal excitability was determined in current-clamp mode by injecting current in 10 pA steps from Ϫ50 pA to 150 pA. Field recordings were made by placing the recording electrode (filled with 1 M NaCl) in the CA1 pyramidal cell body layer to record the somatic population spike (PSP) and a unipolar stimulating electrode in the Schaffer collaterals. PSPs were evoked at a frequency of 0.06 Hz; stimulation intensity was increased at stepwise intervals. PSP amplitude was normalized by dividing each amplitude by the PSP amplitude evoked by the lowest stimulation intensity.
In vivo electrophysiology. In a separate group of GAD65-Cre (n ϭ 8) and PV-Cre (n ϭ 7) mice expressing hM4D unilaterally in the vHPC, local field potential (LFP) activity was measured from area CA1. The LFP activity was recorded bilaterally to use the hemisphere without hM4D expression as an internal control for factors unrelated to pharmacogenetic manipulations, such as body temperature and anesthesia depth. Mice were initially anesthetized with isoflurane (1-1.5% by volume in oxygen at a flow rate of 1.5 L/min; Halocarbon Laboratories) and then maintained with intraperitoneal injection of urethane (1.7 g/kg). Additional doses of urethane (at 0.05 g/ml in 0.1 ml amounts) were given if necessary to maintain a surgical plane of anesthesia verified by the absence of the hindpaw withdraw reflex. Mice were then mounted onto a stereotaxic instrument with the skull surface in the horizontal plane. Body temperature was maintained with a heating pad at 36°C. Bipolar Teflon-coated stainless steel electrodes (0.4 mm vertical stagger; A-M Systems) secured to a 26 ga stainless steel cannula were then slowly lowered bilaterally into the vHPC at the following coordinates relative to bregma: Ϫ3.15 mm posterior, Ϯ 3.00 mm lateral, and Ϫ4.6 mm ventral (Paxinos and Franklin, 2007) . Stainless steel screws were implanted into the fontal cortex and the cerebellum for ground and reference, respectively. All wires were connected centrally to an interface board (EIC-36-PTB; Neuralynx). LFP activity was recorded with the RZ-5 recording system (Tucker-Davis Technologies). The signal was amplified 1000 times, filtered between 1 and 400 Hz, and digitized at 2 kHz. After electrode implantation, mice were given 30 min to stabilize and the recordings were made with the mice positioned on the stereotaxic instrument in a quiet artificially lit room. LFP activity was continuously recorded from both the hM4D-expressing hemisphere and the control hemisphere. All recordings began with a 10 min baseline period, after which mice received an intraperitoneal injection of saline followed by an injection of CNO (2 mg/kg, i.p.) 35 min after the saline injection. Thirty-five minutes after CNO injection, the recording was stopped and electrode locations were marked with electrolytic lesion. Mice were then killed with an overdose of urethane, perfused intracardially with 10% formalin, and brain tissue was collected for histological analysis. All analyses were performed offline using custom codes written in MATLAB (The MathWorks). Power spectral density estimates were computed using Welch's method (MATLAB function PWelch) in series of 10 s bins covering the entire time course of the recording for each channel. Only mice in which 1 electrode in each hemisphere was positioned in area CA1 of the vHPC were used for further analyses (GAD65-Cre, n ϭ 5; PV-Cre, n ϭ 4) and these channels were selected for statistical analyses. In each animal, the power during the last 10 min block of each injection period (25-35 min postinjection) was then normalized to the 10 min baseline period and averaged across animals. In a subsequent analysis, the normalized power was averaged within 5 frequency bands (delta, 1-4 Hz; theta, 4 -12 Hz; alpha, 12-20 Hz; beta, 20 -40 Hz; gamma, 40 -100 Hz) and averaged across animals.
Statistical analysis. Data were analyzed using two-way repeatedmeasures ANOVA, two-way mixed ANOVA, three-way mixed ANOVA, and Student's t test. Where appropriate, ANOVAs were followed by planned pairwise comparisons. Statistical analyses were performed using IBM SPSS software version 21.
Results

hM4D-mediated inhibition of PV neurons in the vHPC
Cre-dependent rAAV and PV-Cre mice were used to target the pharmacogenetic activity silencer hM4D to PV neurons of the vHPC ( Fig. 1 A, B) (Hippenmeyer et al., 2005; Atasoy et al., 2008; Krashes et al., 2011) . Targeting of hM4D was selective to PV neurons since 83% of hM4D expressing neurons were positive for PV immunoreactivity (PV-ir) (Fig. 1C,D) . Furthermore, 80% of the total PV-ir neuron population in the ventral CA1 expressed hM4D, demonstrating high efficacy of PV neuron transduction (Fig. 1C,D) . Next, we confirmed that the synthetic ligand for hM4D, CNO, effectively inhibited PV neurons by performing whole-cell patch-clamp recordings on vHPC slices. Application of CNO significantly hyperpolarized membrane potential from Ϫ67.3 Ϯ 1.7 mV to Ϫ72.6 Ϯ 1.2 mV (Fig. 1Ei , paired t test p ϭ 0.009) and significantly suppressed current-induced spiking activity in hM4D-positive neurons from 7.8 Ϯ 3.7 to 2.1 Ϯ 2.1 action potentials (induced by a 500 ms, 120 pA current injection; p ϭ 0.008; Fig. 1Eii ). No significant changes in membrane potential or current-induced spiking were observed in hM4D-negative neurons (Fig. 1Eiii,Eiv) .
Inhibition of PV neurons in the vHPC disrupts PPI and spatial working memory
To examine the effect of vHPC PV neuron inhibition on behaviors relevant to positive symptoms of schizophrenia, we tested locomotor activity in the open field (Geyer and Moghaddam, 2002; Arguello and Gogos, 2006) . Total spontaneous locomotor activity after CNO administration was not significantly different from vehicle administration at doses of 2 or 5 mg/kg CNO ( Fig.  2A ; mixed ANOVA, no main effect of treatment, F Ͻ 1). Examination of locomotor activity in 10 min intervals revealed no significant differences between vehicle and CNO administration at any time point for both 2 mg/kg CNO ( Fig. 2B ; 2-way repeatedmeasures ANOVA, no main effect of treatment, F Ͻ 1; no treatment ϫ time interaction, F Ͻ 1) and 5 mg/kg CNO ( Fig. 2C; 2-way repeated-measures ANOVA, no main effect of treatment, F Ͻ 1; no treatment ϫ time interaction, F Ͻ 1). Similarly, no significant differences in locomotor activity after administration of a low dose of amphetamine (1 mg/kg) was observed between vehicle-and CNO-treated mice ( Fig. 2D ; mixed ANOVA, no main effect of treatment, F Ͻ 1).
Next, we determined whether vHPC PV neuron inhibition affects sensorimotor gating by measuring PPI, a process disrupted in schizophrenia (Braff et al., 2001) . As expected, percentage PPI increased as a function of prepulse intensity ( Fig. 3A ; mixed ANOVA, F (3,54) ϭ 16.09, p Ͻ 0.0001; linear trend F (1,18) ϭ 29.07, p Ͻ 0.0001). Interestingly, CNO treatment significantly reduced the percentage PPI compared with vehicle treatment ( Fig. 3A; mixed ANOVA, main effect of treatment, F (3,54) ϭ 8.44, p ϭ 0.009). This effect was dependent on prepulse intensity level ( Fig. 3A ; mixed ANOVA, treatment ϫ prepulse intensity interaction, F (5,40) ϭ 3.03, p ϭ 0.037) and was significant at 66, 68, and 72 dB but not at 76 dB ( Fig. 3A ; unpaired t tests, 66 dB: t (18) ϭ 2.19, p ϭ 0.042; 68 dB: t (18) ϭ 3.08, p ϭ 0.006; 72 dB: t (18) ϭ 2.91, p ϭ 0.009; 76 dB: t (18) ϭ 1.82, p ϭ 0.09). To determine whether vHPC PV neuron inhibition affected the startle response, we also measured startle amplitude during trials in which the 120 dB pulse was presented alone. CNO-treated mice exhibited a significant reduction in startle response compared with vehicletreated mice ( Fig. 3B ; unpaired t test, t (18) ϭ 3.29, p ϭ 0.004). Therefore, vHPC PV neuron inhibition decreased both startle response and PPI.
We then examined the effect of vHPC PV neuron inhibition on spatial working memory by conducting the T-maze continuous spontaneous alternation task (Gerlai, 1998; Dudchenko, 2004; Hughes, 2004) . Although vehicle-treated mice showed alternation above 50% of chance ( Fig. 3C ; 1-sample t test, t (8) ϭ 4.264, p ϭ 0.003), alternation in CNO-treated mice was lower than in vehicle-treated mice ( Fig. 3C ; unpaired t test, t (15) ϭ 2.96, p ϭ 0.01) and was not significantly different from chance level ( Fig. 3C ; 1-sample t test, t (7) ϭ 1.0, p ϭ 0.351). No significant differences in direction bias or latency to arm entry were observed between groups (unpaired t tests, t (15) ϭ 0.33, p ϭ 0.74; t (15) ϭ 0.10, p ϭ 0.99).
Last, to determine whether vHPC PV neuron inhibition affects behaviors associated with negative symptoms of schizophrenia, we measured social interaction in Crawley's three-chamber sociability test (Moy et al., 2004; Arguello and Gogos, 2006) . After both vehicle and CNO treatment, mice exhibited significant preference for the chamber containing a stranger mouse compared with the empty chamber ( Fig. 3Di ; 2-way repeatedmeasures ANOVA, main effect of chamber, F (1,11) ϭ 81.93, p Ͻ 0.0001). No significant differences in chamber preference ( Fig. 3Di ; 2-way repeated-measures ANOVA, no main effect of treatment, F (1,11) ϭ 2.17, p ϭ 0.18; no treatment ϫ chamber interaction, F (1,11) ϭ 2.80, p ϭ 0.12) or locomotor activity ( Fig.  3Dii ; paired t test, t (11) ϭ 1.096, p ϭ 0.30) were observed between treatments.
These results demonstrate that inhibition of PV neurons in the vHPC disrupted PPI and spontaneous alternation, but had no effect on locomotor activity or social interaction. Together, these findings suggest that PV neurons have a specialized function in regulating sensorimotor gating and spatial working memory. The vHPC has a well established role in mediating locomotor activity (Bast and Feldon, 2003) , so a subset of vHPC GABA neurons separate from PV neurons may contribute to this behavior. In addition, the deficits observed in PV-Cre mice may be particularly sensitive to general GABA system dysregulation and may be observed when a certain number of vHPC GABA neurons are inhibited regardless of subtype identity. To investigate these possibilities, we inhibited the population of vHPC GABA neurons expressing GAD65 using GAD65-Cre knock-in mice (Taniguchi et al., 2011) .
hM4D expression in GAD65 neurons in the vHPC
When combined with doubly floxed reporter strains, the GAD65-Cre knock-in line (Taniguchi et al., 2011) has proven useful for pan-GABA neuron targeting since the reporter expression pattern reflects the entire history of GAD65 expression up to the time of analysis (Taniguchi et al., 2011; Ledri et al., 2014) . However, when combined with Cre-dependent AAV infusion into adult brains, thus excluding embryonic and early postnatal GAD65 expression, the line has been used to study CCK GABA neurons due to its biased expression of Cre recombinase in non-PV GABA neurons (Losonczy et al., 2010; Nagode et al., 2014) . In the hippocampus, CCK GABA neurons have been shown to be largely nonoverlapping with PV GABA neurons (Gulyás et al., 1991; Pawelzik et al., 2002) .
We used an identical Cre-dependent AAV vector (AAV-hsyn-FLEX-hM4D-mCherry) in GAD65-Cre mice to target hM4D to GAD65 neurons (Fig. 4A) . hM4D was expressed in ϳ3 times as many neurons in GAD65-Cre mice compared with PV-Cre mice ( Fig. 4B ; unpaired t test, t (5) ϭ 7.23, p ϭ 0.0008). Immunohistochemical staining revealed that hM4D-expressing neurons in GAD65-Cre mice are heterogeneous in their cell type identity, including more CCK-GABA neurons than PV-GABA neurons; only 20% of hM4D-expressing neurons were PV-ir ( Fig. 4C,E; 19.7 Ϯ 4.55%), whereas 55% were CCK-ir (Fig. 4 D, E ; 55.5 Ϯ 4.37%). In addition, 42% of total PV-ir neurons ( Fig. 4C ; 41.9 Ϯ 3.82%) and 64% of total CCK-ir neurons were hM4D-positive ( Fig. 4D ; 64.4 Ϯ 1.48%). These findings confirm previous reports that the GAD65-Cre line shows biased Cre expression in CCK-GABA neurons and demonstrate that hM4D-expressing neurons in GAD65-Cre and PV-Cre mice represent two relatively distinct, yet partially overlapping, subpopulations of GABA neurons.
GAD65 neuron inhibition in the vHPC enhances locomotor activity and disrupts spatial working memory
In contrast to PV-Cre mice, CNO administration in GAD65-Cre mice significantly increased spontaneous locomotor activity compared with vehicle administration (Fig. 5A; hancement was observed for all doses of CNO tested ( Fig. 5A ; paired t tests, 0.5 mg/kg: t (3) ϭ 3.30, p ϭ 0.046; 1 mg/kg: t (9) ϭ 3.46, p ϭ 0.007; 2 mg/kg: t (8) ϭ 5.69, p ϭ 0.0005). No significant main effect of dose ( Fig. 5A ; mixed ANOVA, F (2,20) ϭ 2.38, p ϭ 0.12) or dose by treatment interaction was found ( Fig. 5A ; mixed ANOVA, F Ͻ 1). The increased locomotor activity induced by CNO significantly changed across time ( Fig. 5B-D ; 2-way repeated-measures ANOVA, main effect of treatment, 0.5 mg/kg: F (1,3) ϭ 10.86, p ϭ 0.046, 1 mg/kg: F (1,9) ϭ 11.94, p ϭ 0.007, 2 mg/kg: F (1,8) ϭ 32.34, p ϭ 0.0004; treatment ϫ time interaction, 0.5 mg/kg: F (5,15) ϭ 9.67, p Ͻ 0.0001, 1 mg/kg: F (5,45) ϭ 3.10, p ϭ 0.017, 2 mg/kg: F (5,40) ϭ 9.96, p Ͻ 0.0001), with peak activity occurring at 30 min after 0.5 mg/kg CNO ( Fig. 5B ; paired t test, t (3) ϭ 3.61, p ϭ 0.037), at 10 -20 min after 1 mg/kg CNO ( Fig. 5C ; paired t test, 10 min: t (9) ϭ 3.82, p ϭ 0.004, 20 min: t (9) ϭ 2.23, p ϭ 0.053), and at 20 min after 2 mg/kg CNO ( Fig. 5D ; paired t test, t (8) ϭ 4.87, p ϭ 0.001).
To determine whether the enhanced locomotor activity was mediated by dopamine receptor binding, we pretreated mice with either the D2 receptor antagonist and typical antipsychotic haloperidol or with the selective D1 receptor antagonist SCH-23390. Haloperidol (0.02 mg/kg) pretreatment had no significant effect on locomotor activity after vehicle administration ( Fig. 5E ; unpaired t test, t (10) ϭ 0.86, p ϭ 0.41), but significantly attenuated locomotor activity induced by 1 mg/kg CNO administration ( Fig. 5E ; unpaired t test, t (10) ϭ 3.049, p ϭ 0.012). However, this attenuation was partial because locomotor activity of mice treated with haloperidol ϩ CNO was significantly higher than of vehicle ϩ vehicle controls ( Fig. 5E ; paired t test, t (5) ϭ 2.674, p ϭ 0.044). SCH-23390 (0.05 mg/kg) pretreatment significantly reduced, but did not completely abolish, locomotor activity after both vehicle and 2 mg/kg CNO administration ( Fig. 5F ; paired t tests, vehicle, t (5) ϭ 3.97, p ϭ 0.011, CNO: t (5) ϭ 3.05, p ϭ 0.028).
In addition, amphetamine-induced locomotor activity was significantly enhanced by CNO treatment (Fig. 5G) . CNOtreated mice exhibited increased amphetamine-induced locomotor activity compared with vehicle-treated mice ( Fig. 5G ; mixed ANOVA, main effect of treatment, F (1,14) ϭ 38.17, p Ͻ 0.0001), with peak activity occurring 30 min after CNO and amphetamine coinjection ( Fig. 5G ; mixed ANOVA, time ϫ treatment interaction, F (5,70) ϭ 9.96, p Ͻ 0.0001; unpaired t test, t (14) ϭ 6.61, p Ͻ 0.0001).
In contrast to PV-Cre mice, PPI in GAD65-Cre mice was not affected by CNO treatment (Fig. 6A) . No significant differences in PPI were observed between vehicle and CNO treatment at any prepulse intensity ( Fig. 6A ; mixed ANOVA, no main effect of treatment, F Ͻ 1; no treatment ϫ prepulse intensity interaction, F (3,30) ϭ 1.57, p ϭ 0.22). As expected, percentage PPI increased gradually with prepulse intensity level ( Fig. 6A ; mixed ANOVA, main effect of prepulse intensity, F (3,30) ϭ 23.52, p Ͻ 0.0001; linear trend, F (1,10) ϭ 41.27, p Ͻ 0.0001). Furthermore, startle response was not significantly different between CNO-and vehicletreated mice ( Fig. 6B ; unpaired t test, t (13) ϭ 1.77, p ϭ 0.1).
Similar to PV-Cre mice, CNO-treated GAD65-Cre mice exhibited impaired spontaneous alternation (Fig. 6C) . Spontaneous alternation in CNO-treated mice was significantly lower than vehicle-treated mice ( Fig. 6C ; unpaired t test, t (14) ϭ 4.13, p ϭ 0.001) and was below chance level ( Fig. 6C ; 1-sample t test, CNO: t (7) ϭ 3.64, p ϭ 0.008; vehicle: t (7) ϭ 2.31, p ϭ 0.054). Although no differences in latency to arm entry were found (unpaired t test, t (14) ϭ 1.85, p ϭ 0.086), direction bias was significantly higher in CNO-treated mice (unpaired t test, t (14) ϭ 2.29, p ϭ 0.038). The increased direction bias may account for the below-chance alternation observed and may indicate a stereotyped or perseverative tendency to enter one arm of the maze.
In the test for social interaction, no significant differences in preference for the stranger chamber compared with the empty chamber ( Fig. 6Di ; two-way repeated-measures ANOVA, main effect of chamber, F (1,7) ϭ 53.44, p ϭ 0.0001; no main effect of treatment, F Ͻ 1; no treatment ϫ chamber interaction, F (1,7) ϭ 1.39, p ϭ 0.28) or in locomotor activity ( Fig. 6Dii ; paired t test, t (7) ϭ 0.425, p ϭ 0.684) were observed between vehicle and CNO treatment. The lack of enhancement in locomotor activity may be due to the structure of the three-chambered apparatus, which is likely less conducive for locomotor activity compared with the open field. Together, inhibition of GAD65 neurons in the vHPC increased spontaneous locomotor activity through both D2 and D1 receptor binding, potentiated amphetamine-induced locomotor activity, and impaired spontaneous alternation, but had no effect on PPI or social interaction.
Inhibition of PV and GAD65 neurons alters vHPC excitability and network activity
The differences in behavioral changes observed upon inhibiting PV and GAD65 neurons in the vHPC may be associated with distinct changes in network activity. To explore this possibility, we first compared the effects of PV and GAD65 neuron inhibition on network excitability by performing extracellular recordings from ventral hippocampal slices. Specifically, we determined the input-output relationship in the CA1 (stimulus intensity vs PSP) in slices obtained from mice transduced with hM4D in either the PV or GAD65 neuron populations. As expected, we found that application of CNO significantly increased the PSP amplitude of the input-output curves ( Fig. 7A ; 3-way mixed ANOVA, main effect of treatment, F (1,28) ϭ 9.99, p ϭ 0.004), reflecting an increase in network excitability when either population of interneurons was inhibited ( Fig. 7A ; 2-way repeated-measures ANOVA, main effect of treatment, GAD65-Cre: F (1,14) ϭ 7.03, p ϭ 0.019; PV-Cre: F (1,14) ϭ 5.02, p ϭ 0.042). In addition, the CNO-induced increase in PSP amplitude was significantly larger for GAD65-Cre mice compared with PV-Cre mice ( Fig. 7A ; 2-way mixed ANOVA, genotype ϫ stimulus intensity interaction, F (2,56) ϭ 3.66, p ϭ 0.032), with a significant difference observed at the high-intensity range (Fig. 7 A, B ; unpaired t test, t (28) ϭ 2.07, p ϭ 0.048).
Next, we investigated whether inhibition of PV or GAD65 neurons affects network oscillatory activity in the vHPC in vivo by comparing the effects of systemic injection of saline or CNO on LFP power recorded bilaterally in the vHPC under urethane anesthesia ( Fig. 7B-E) . We chose this preparation over recording in behaving mice to isolate the effect of CNO on LFP activity from potential LFP changes induced by behavior. Mice expressed hM4D unilaterally in the vHPC, with the nonexpressing side serving as an internal control for factors other than drug injection, such as the depth of anesthesia and body temperature (Fig.  7B) . In both PV-Cre and GAD65-Cre mice, CNO injection gradually increased the power of oscillations mainly in the bands Ͻϳ35 Hz, whereas saline injection had no effect (Fig. 7C) . This change was not observed in the control hemisphere (data not shown). To determine whether CNO had different effects on the power of oscillation between PV-Cre and GAD65-Cre mice, we compared the normalized oscillation power (up to 100 Hz) during the last 10 min block of each injection period (25-35 min postinjection; Fig. 7D ). The effect of CNO significantly differed depending on the groups and frequency of oscillatory activity ( Fig. 7D ; 3-way repeated-measures ANOVA, an interaction of treatment, group, and frequency, F (24,336) ϭ 1.56, p ϭ 0.047). To identify which frequency band showed the group-dependent effect of CNO, the normalized power was compared across the . hM4D-mediated inhibition of vHPC GAD65 neurons enhanced spontaneous and amphetamine-induced locomotor activity. GAD65-Cre mice expressing hM4D in GAD65 neurons of the vHPC were administered vehicle or CNO intraperitoneally. A, CNO significantly increased total distance traveled at 0.5 mg/kg (n ϭ 4), 1 mg/kg (n ϭ 10), and 2 mg/kg (n ϭ 9) compared with vehicle treatment. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. B-D, Distance traveled across 10 min bins was enhanced after 0.5 mg/kg CNO ( p ϭ 0.05; B); 1 mg/kg CNO ( p ϭ 0.007; C); or 2 mg/kg CNO ( p Ͻ 0.001; D). E, Distance traveled after 1 mg/kg CNO was reduced by 0.02 mg/kg haloperidol pretreatment (n ϭ 6) compared with vehicle pretreatment (n ϭ 6). *p Ͻ 0.05. There were no significant differences between vehicle ϩ vehicle-treated (n ϭ 6) and haloperidol ϩ vehicle-treated mice (n ϭ 6). F, Distance traveled after vehicle and CNO was reduced by SCH23390 (n ϭ 6). *p Ͻ 0.05. G, Amphetamine (1 mg/kg)-induced locomotor activity was significantly enhanced in CNO-treated (0.5 mg/kg, n ϭ 8) compared with vehicle-treated mice (n ϭ 8). p Ͻ 0.0001. ii. Figure 6 . hM4D-mediated inhibition of vHPC GAD65 neurons impaired spontaneous alternation but did not affect percentage PPI, startle amplitude, or social interaction. GAD65-Cre mice expressing hM4D in GAD65 neurons of the vHPC were administered vehicle or CNO intraperitoneally. A, B, No significant differences in percentage PPI (A) or startle amplitude (B) during pulse-alone trials were found between mice treated with CNO (5 mg/kg, n ϭ 8) and vehicle (n ϭ 7). C, CNO (0.5 mg/kg, n ϭ 8) reduced percentage alternation compared with vehicle (n ϭ 8). **p ϭ 0.001. Di, Dii, In the social interaction test, percentage time spent in the stranger and empty chambers (i) and distance traveled (ii) were not significantly different between vehicle and CNO treatment (0.5 mg/kg, n ϭ 8). Data are presented as mean Ϯ SEM. treatment types and groups in five different frequency bands (Fig.  7E) . CNO did not have any effect on the power of delta (1-4 Hz) or theta (4 -12 Hz) oscillation in either group ( Fig. 7E ; 2-way repeated-measures ANOVA, delta: no interaction of treatment and group, F (1,7) ϭ 1.16, p ϭ 0.32, no main effect of treatment, F Ͻ 1, no main effect of group, F Ͻ 1; theta: no interaction of treatment and group, F Ͻ 1, no main effect of treatment, F (1,7) ϭ 4.67, p ϭ 0.068, no main effect of group, F (1,7) ϭ 2.16, p ϭ 0.19).
In contrast, CNO increased the power of alpha oscillation (12-20 Hz) in both GAD65-Cre and PV-Cre mice ( Fig. 7E ; main effect of treatment, F (1,7) ϭ 13.7, p ϭ 0.008). In the beta band (20 -40 Hz), CNO had a differential effect on the power depending on the groups ( Fig. 7E ; interaction of treatment and group, F (1,7) ϭ 7.56, p ϭ 0.029; a follow-up t test, PV-Cre ϩ CNO versus GAD65-Cre ϩ CNO, p ϭ 0.020). In addition, CNO decreased the power of gamma oscillation (40 -100 Hz) in GAD65-Cre, but not PV-Cre, mice ( Fig. 7E ; interaction of treatment and group, F (1,7) ϭ 10.56, p ϭ 0.014; a follow-up t test, GAD65-Cre ϩ saline vs GAD65-Cre ϩ CNO, p ϭ 0.016, PV-Cre ϩ saline vs PV-Cre ϩ CNO, p ϭ 0.456). Together, inhibition of PV and GAD65 neurons in the vHPC both increased network excitability in the vHPC, but produced qualitatively distinct changes in spontaneous network oscillatory activity.
Discussion
GABAergic dysfunction has been proposed as a key process underlying the vHPC hyperactivity observed in schizophrenia (Heckers et al., 2002; Lodge and Grace, 2008; Schobel et al., 2013) . A diverse population of GABAergic interneurons participates in inhibitory mechanisms controlling pyramidal cell activity in the hippocampus (Klausberger et al., 2003; Klausberger and Somogyi, 2008) . This raises the important question of whether all subtypes of vHPC GABA interneurons are equally involved in schizophrenia pathophysiology or if specific interneuron subtypes contribute differentially. Electrophysiology experiments in the present study demonstrate that inhibiting either PV neurons or GAD65 neurons is sufficient to produce a hyperactive state in the vHPC. In vitro extracellular recordings suggest that GAD65 neuron inhibition results in a greater change in network excitability than PV neuron inhibition. Moreover, inhibiting these two subpopulations of GABA neurons produced distinct changes in network oscillatory activity during in vivo LFP recordings. Inhibition of GAD65 neurons increased LFP power of the alpha oscillation (12-20 Hz), whereas PV neuron inhibition increased LFP power of both alpha (12-20 Hz) and beta (20 -40 Hz) oscillations. A caveat of the present study, however, is that the LFP power was measured in anesthetized animals, in which the peak frequencies of LFP bands likely differ from those measured in freely moving animals. Therefore, changes in the LFP frequency bands reported in the present study cannot be linked directly to the behavioral changes observed upon inhibiting GAD65 or PV neurons.
Consistent with their functional dissociation in controlling vHPC network activity, our study shows that inhibition of PV neurons and GAD65 neurons produces distinct behavioral deficits. We found that acute inhibition of PV neurons in the vHPC, but not GAD65 neurons, disrupted PPI, an operational measure of sensorimotor gating, as well as reduced startle reactivity. Although GAD65 neurons in the vHPC far exceed PV neurons in number, inhibiting GAD65 neurons did not impair PPI. Therefore, PPI impairment elicited by PV neuron inhibition is not simply a result of a nonspecific and overall decrease in GABA transmission; rather, it suggests a specific role of vHPC PV neurons in PPI regulation. GAD65 neurons represent a heterogeneous population of GABA neurons including CCK, PV, and likely other GABA neuron subtypes. In GAD65-Cre mice, 42% of vHPC PV-ir cells expressed hM4D and were recruited for inhibition as a part of GAD65 neurons. This suggests that there may be a threshold of vHPC PV neurons that must be inhibited before PPI impairment is observed.
Although the hyperactive state of the vHPC has consistently been associated with PPI deficits, the underlying mechanism has not yet been determined (Wan et al., 1996; Bast and Feldon, 2003) . The vHPC-evoked PPI deficit may be mediated by a dopamine-dependent pathway similar to vHPC-evoked hyperlocomotor activity, in which case, local blockade of glutamatergic transmission in the nucleus accumbens (NAc) or systemically inhibiting dopamine activity would likely reverse this deficit. However, Wan et al. (1996) found that neither local NAc infusion of the AMPA receptor blocker CNQX nor systemic injection of the dopamine antagonist haloperidol reversed the vHPC-evoked PPI deficit. In contrast, vHPC-evoked hyperlocomotor activity was completely abolished by haloperidol or the D1 receptor antagonist SCH23390 (Bardgett and Henry, 1999; Bast et al., 2001c) . These findings suggest that the vHPC modulates PPI and locomotor activity through different mechanisms. vHPC-evoked hyperlocomotion appears to be initiated by vHPC-NAc efferent activity and to arise from excess mesolimbic dopamine activity, whereas vHPC-evoked PPI disruption is mediated by pathways independent of the mesolimbic dopamine system (Bast and Feldon, 2003) . It is possible that hippocampal targets other than the NAc are involved in the PPI disruption observed upon inhibiting vHPC PV neurons. Inhibiting PV neurons, but not GAD65 neurons, could evoke changes along efferent pathways relevant for PPI, such as vHPC projections to the mPFC or the amygdala (Bakshi and Geyer, 1998; Shoemaker et al., 2005) . Consistent with this idea, PV neurons in the vHPC have been found to preferentially innervate and inhibit pyramidal neurons projecting to the amygdala (Lee et al., 2014) .
Furthermore, the vHPC-evoked PPI impairment may reflect a disruption in synchronized network activity within the vHPC relevant to sensorimotor gating. Consistent with this idea, systemic administration of the NMDA receptor antagonist phencyclidine results in PPI impairment and an abnormally high amplitude of gamma-frequency oscillation in the hippocampus, suggesting that hippocampal modulation of PPI may be associated with gamma rhythms (Ma et al., 2004) . Convergent evidence has implicated the synchronous activity of fast-spiking PV neurons in gamma-frequency oscillation (Cardin et al., 2009; Sohal et al., 2009; Carlén et al., 2012) . Therefore, the PPI impairment induced by vHPC PV neuron inhibition may be mediated by changes in local hippocampal gamma activity. This possibility will have to be examined further by measuring evoked LFP activity in the vHPC during PPI testing upon inhibiting PV neurons.
We also found that acute inhibition of GAD65 neurons, but not PV neurons, in the vHPC is sufficient to enhance both spontaneous and amphetamine-induced locomotor activity. Consistent with our findings, pharmacological stimulation of the vHPC by NMDA, picrotoxin, or carbachol has been shown to increase locomotor activity, whereas pharmacological inhibition of the vHPC by TTX or muscimol produces the opposite effect (Yang and Mogenson, 1987; Brenner and Bardgett et al., 1998; Bast et al., 2001a; Bast et al., 2001b) . Locomotor activity evoked by GAD65 neuron inhibition is likely mediated by excess DA activity, because it was attenuated by systemic administration of the D2 receptor antagonist haloperidol. GAD65 neuron inhibition in the vHPC may increase dopamine transmission through a well characterized pathway involving the NAc and ventral pallidum (Floresco et al., 2001 (Floresco et al., , 2003 . vHPC stimulation has been shown to increase the number of spontaneously firing dopamine neurons in the ventral tegmental area, reflecting increased dopamine neuron population activity (West and Grace, 2000; Lodge and Grace, 2006) . In contrast to GAD65 neuron inhibition, selective inhibition of PV neurons in the vHPC failed to enhance either spontaneous or amphetamine-induced locomotor activity. This finding suggests that the hyperactive state of the vHPC achieved upon PV neuron inhibition may be insufficient to increase dopamine neuron population activity in the VTA, although this possibility should be examined in future studies.
A functional dissociation between GAD65 and PV neurons has been described previously by Nagode et al. (2014) . Using AAV-mediated expression of halorhodopsin (NpHR) in GAD65-Cre and PV-Cre mice, optogenetic silencing of GAD65 neurons suppressed carbachol-induced theta oscillations in acute hippocampal slices, whereas silencing of PV neurons did not. The study found that ϳ90% of CCK-expressing cells were labeled with NpHR in GAD65-Cre mice, suggesting that CCKexpressing GABA neurons contribute to generating carbacholinduced theta oscillations. In the present study, we found that 64% of hM4D-expressing neurons in GAD65-Cre mice express CCK. The inhibition of CCK-GABA neurons may largely account for the increase in amphetamine-induced locomotion observed upon inhibiting GAD65 neurons, so one may expect that inhibition of CCK-GABA neurons alone should be sufficient to recapitulate the hyperlocomotor activity. Therefore, it would be of great interest to examine the effect of selectively inhibiting vHPC CCK-GABA neurons on theta-frequency oscillations during locomotor activity and compare the effects with those of inhibiting other GABA neuron subtypes, including somatostatin, VIP, calbindin, or calretinin-expressing GABA neurons (Klausberger and Somogyi, 2008) .
The importance of PV neurons in spatial working memory is supported by studies using genetic strategies to impair PV neuron function both globally and specifically in the dorsal hippocampus (Fuchs et al., 2007; Belforte et al., 2010; Korotkova et al., 2010; Murray et al., 2011; Carlén et al., 2012) . Upon inhibiting either PV or GAD65 neurons in the vHPC, we observed deficits in T-maze spontaneous alternation, which is used to measure spatial working memory. Unlike PV neuron inhibition, GAD65 neuron inhibition reduced alternation to below chance level and increased direction bias. Although these behaviors likely reflected stereotypy or increased perseveration typical of hippocampal disturbances (Stevens and Cowey, 1973; Dalland, 1976; Gerlai, 1998) , intact working memory of the previously visited arm cannot be excluded. These findings suggest that spatial working memory is sensitive to disruptions in the activity of a broad set of vHPC GABA neurons that include PV neurons. However, more extensive testing of working memory using well validated assays such as the delayed match/nonmatch to sample task (Olton, 1987; Dudchenko, 2004 ) are required to demonstrate conclusively the role of vHPC PV and Gad65 neurons in spatial working memory.
It is not well understood whether the vHPC plays a critical role in social interaction. Ibotenic acid lesions in the vHPC in adult rats did not affect social behavior (Becker et al., 1999) , but a recent optogenetic study showed that amygdala-mediated vHPC activation robustly reduced social interaction (Felix-Ortiz and Tye, 2014). The present study found that vHPC activation achieved by inhibition of vHPC GABA neurons did not significantly alter social interaction. The hippocampal CA1 area innervated by the amygdala in Felix-Ortiz and Tye (2014) is more dorsal to the region included in the present study. This suggests that there may be a functional dissociation within the vHPC in controlling social behaviors.
It is important to note that the behavioral changes observed in our study are the result of the acute loss of GABA neuron activity restricted to the vHPC in adult mice, which is in contrast to more broad and chronic changes reported in developmental models of schizophrenia. A prevailing hypothesis proposes that GABA dysfunction in forebrain regions arises from alterations in development during specific periods of prenatal, postnatal, or postpubertal life and later becomes a core feature of the disease in adulthood (Gonzalez-Burgos et al., 2011; Powell et al., 2012) . The plausibility of this neurodevelopmental hypothesis has been explored in various animal models of schizophrenia, including the MAM model (Flagstad et al., 2004; Lodge et al., 2009) . Notably, acute pharmacological inhibition of adult vHPC activity, via local infusion of an allosteric modulator for GABAA ␣5 subunit, was sufficient to normalize both aberrant dopamine activity and hyperlocomotor response to amphetamine in the MAM model (Gill et al., 2011). Furthermore, Perez and Lodge (2013) showed that transplanting GABAergic precursor cells of the medial ganglionic origin into the vHPC can reverse both aberrant dopamine activity and hyperlocomotor response to amphetamine in the MAM model. Together with ours, these findings suggest that, in schizophrenia, a hyperactive state of the vHPC in the adult brain may be a direct cause of behavioral deficits and the associated pathological increase in DA activity.
In summary, our results support the idea that GABA dysfunction in the vHPC could account, at least in part, for the specific behavioral deficits found in schizophrenia and suggest a functional dissociation among the hippocampal GABAergic mechanisms underlying schizophrenia pathophysiology. Impaired functioning of PV neurons may underlie sensorimotor gating deficits, whereas GAD65 neurons may be involved in hyperlocomotor activity arising from excess dopamine activity.
